Fe (Moore and Miller, 1994; Shreve et al., 1995; Moore et al., 1998). All of these have been found to be effective of Al to precipitate P in manures would be a better choice than Ca or Fe. Alum additions to poultry litter can decrease P solu-
would result in aluminum phosphate mineral dissolution Hence, high alum and aluminum chloride reduced SRP concentrations under "normal" soil conditions would be extremely low in runoff by 84% and were not statistically different from SRP concenlevels of P in the soil solution. Under these conditions, trations in runoff from unfertilized control plots. These data indicate the release of P from the aluminum phosphate would that treating swine manure with alum or aluminum chloride could be beneficial in avoiding P deficiency. Therefore, use result in significant reductions in nonpoint-source P runoff.
of Al to precipitate P in manures would be a better choice than Ca or Fe.
Alum additions to poultry litter can decrease P solu-T he swine industry in the USA is expanding. Swine bility in poultry litter by orders of magnitude (Moore producers face a potential crisis should important and Miller, 1994) . Minerals formed when Al reacts with environmental issues be ignored, such as phosphorus P are relatively stable, even at very low soil pH. Shreve (P) runoff from fields fertilized with swine manure. et al. (1995) found that P runoff from fescue plots fertilPhosphorus has been identified as the nutrient most ized with alum-treated broiler litter was 87% lower than limiting to eutrophication (Schindler, 1977) . Animal maplots fertilized with untreated litter. The fescue plots nure applications to pastures have been shown to result receiving alum-treated litter had significantly higher in relatively high P runoff, even when manure is applied yields and higher N contents than untreated litter, indiat recommended rates (Edwards and Daniel, 1992a,b, cating that alum had increased N availability in the litter. 1993a,b). Between 80 and 90% of the P in runoff is in
We hypothesized that the increase in N availability was the soluble form (Edwards and Daniel, 1993a) , which due to a decrease in ammonia volatilization. This was is the form that is most readily available for algal uptake confirmed in laboratory studies conducted by Moore et (Sonzogni et al., 1982) . Phosphorus runoff from swine al. (1995, 1996) , which showed alum amendments to and poultry farms has also been implicated in the emerpoultry litter could reduce NH 3 volatilization losses by gence of Pfiesteria piscicida in waterways on the eastern as much as 99% compared with untreated litter. Subsecoast of the USA (Burkholder et al., 1997; Felton and quent work done by Moore et al. (1999) showed that Simpson, 1998). These issues have already become probalum applications to poultry litter resulted in significant lematic in states such as Oklahoma and North Carolina, improvements in broiler performance, due to lower amwhere moratoriums have been placed on expansion of monia levels in the production facility. the industry until more stringent environmental regulaPreliminary studies were conducted in our lab to detion can be established.
termine the effects of addition of alum to swine manure Recent research in our lab has focused on the chemion cumulative NH 3 loss and soluble reactive phosphorus cal precipitation of P with metals, such as Al, Ca, and (SRP) (Moore, unpublished data, 1999) . These studies indicated that treatment of swine manure with alum the possibility of increased H 2 S production. The most
Complete details on plot layout and construction may be found in Edwards and Daniel (1992a) . The plots had been in continuobvious choice was aluminum chloride (AlCl 3 ).
ous fescue production for 7 yr. Soil samples were taken from
The objective of this study was to evaluate the effect the surface 15 cm of each plot for Mehlich III-extractable P of alum and aluminum chloride applications to swine analysis. Mean Mehlich III P for each block of plots was 135 manure on P runoff from small plots cropped to tall mg P kg Ϫ1 (Table 1) .
fescue, and tall fescue yield and N uptake.
A total of 2700 L of manure was collected for this study from a commercial swine farm. It can best be described as
MATERIALS AND METHODS
the "dirty" flush water leaving the house (referred to as The runoff study was conducted on 24 small plots (1.52 ϫ afterflush). Total N content of this manure was determined using a LECO (St. Joseph, MI) CNS analyzer, in order to 5.96 m, with 5% slope) located at the Main Agricultural Exper- apply 125 kg N ha Ϫ1 to each plot. The total N content was treatment, 94.6 L of manure was pumped into a container. For the alum treatments, 946 mL of alum was mixed into the 0.12%, indicating that approximately 94.6 L of manure should be applied to each plot.
appropriate containers for the high treatment rate (1% v/v), and 473 mL of alum was mixed into the appropriate container The experimental design was a randomized complete block design with four replications of six treatments, consisting for the low treatment rate (0.5% v/v). For the aluminum chloride treatments, 726 mL of aluminum chloride was mixed into of an unfertilized control (no manure), untreated swine manure, swine manure treated with alum at a low rate, swine the appropriate containers for the high rate (0.75% v/v), and 363 mL of aluminum chloride was mixed into the low treatmanure treated with aluminum chloride at a low rate, swine manure treated with alum at a high rate, and swine manure ment rate (0.384% v/v). High levels of treatment resulted in 430 mg Al L Ϫ1 and low levels of treatment resulted in 215 mg treated with aluminum chloride at a high rate. The low rates of alum and aluminum chloride corresponded to 215 mg Al Al L Ϫ1 for both alum and aluminum chloride. Each manure treatment (including the control) received enough double de-L
Ϫ1
; the high rates were 430 mg Al L
. The high rate of application resulted in a 1:1 molar ratio of aluminum to total ionized (DDI) water to bring the total volume of the amendment (chemical ϩ DDI water) to a volume of 946 mL. Immediphosphorus as determined by results from preliminary studies. One fertilizer treatment was applied to a block of four plots ately after addition, a 1-m-long PVC pipe was used to thoroughly stir the amended manure. A 500-mL subsample in a randomized complete block design. Each of the six blocks of treatments had an average of 135 Ϯ 51 mg Mehlich III of manure was taken from each container of manure, immediately prior to application, for characterization. The remainder P kg Ϫ1 . Prior to treatment of manure with the amendments, the of the manure was applied to the plot. The subsamples were immediately brought to the laboramanure was homogenized by pumping for 30 min. For each tory for characterization. Aliquots (100 mL) were added to tistical differences were demonstrated using analysis of variance (SAS Institute, 1985) . 250-mL centrifuge tubes and centrifuged at 8000 rpm for 20 min using an RC5C centrifuge with a GSA fixed-angle rotor (Sorvall Instruments, Newtown, CT). Samples for pH were
RESULTS AND DISCUSSION
analyzed immediately in an unfiltered state. Samples for SRP
Manure pH
and total dissolved phosphorus (TDP) were filtered (0.45 m), acidified, and frozen. Soluble reactive P was determined using Both alum and aluminum chloride reduced the pH the ascorbic acid technique with an auto-analyzer according of the manure (Fig. 1A) . The pH of the untreated ma- due to alum and aluminum chloride are expected to Rainfall simulators (Edwards and Daniel, 1992a) were used to provide 50 mm h Ϫ1 rainfall 1 d after the manure was applied.
occur due to hydrolysis by Al.
Fayetteville (AR) city water was used for rainfall simulations.
When alum or aluminum chloride was added to liquid
Runoff was collected at 2.5, 7.5, 12.5, 17.5, 22.5, and 27.5 min manure, foaming occurred. We suspect that acid pro- trations by two orders of magnitude (near 1 mg P L Ϫ1 ).
Treatment means were compared for significance (P Ͻ 0.05) using Fisher's Protected LSD, which was calculated after staSimilar reductions in soluble P have been noticed in 
Phosphorus Runoff
poultry litter when treated with Al, Ca, and/or Fe compounds (Moore and Miller, 1994) . Soluble reactive P concentrations were 5.5 mg P L Ϫ1 in After the addition of alum and aluminum chloride, a runoff water from plots fertilized with untreated manure visible flocculation of solids occurred, as was expected. (Fig. 2B) . Significantly lower concentrations of SRP in This observation suggests that amending swine manure the water resulted from addition of low rates of alum with alum or aluminum chloride may benefit solid sepa-(3.66 mg P L Ϫ1 ) and aluminum chloride (3.00 mg P L Ϫ1 ). ration.
The high rates of both alum and aluminum chloride reduced SRP levels in runoff to 0.87 mg P L Ϫ1 . This
Runoff Water pH
represents an 84% reduction in SRP, which is very similar to results reported by Shreve et al. (1995) in poultry The pH of runoff water from plots fertilized with litter. The SRP concentration in runoff water from ununtreated manure was 8.42 ( Fig. 2A) . Alum and alumifertilized control plots was 0.55 mg P L Ϫ1 and was not num chloride additions, particularly at the higher rates, significantly different from SRP levels in runoff water significantly reduced runoff water pH. However, the pH from plots fertilized with swine manure treated with was still high with these treatments (7.9-8.2). The pH high rates of alum or aluminum chloride. Runoff water of runoff from unfertilized plots was significantly lower SRP was highly correlated with SRP in manure, indicat-(7.6) than the other treatments. These pH values were ing that SRP in manure determines the amount of P in higher than would be expected for natural rainfall runoff (Fig. 3) . events, because the water used was city water from Fayetteville.
Although alum can be used to reduce soluble P and P runoff from swine manure, aluminum chloride is probenough to negate differences in N concentration between untreated and treated manure. ably a better choice. The problem with adding alum to liquid manure is that there is a slight possibility that hydrogen sulfide (H 2 S) gas can form under certain con-CONCLUSIONS ditions. Anaerobic bacteria can use SO Ϫ2 4 as an electron Alum and aluminum chloride additions to swine maacceptor for respiration, reducing it to H 2 S. Swine farmnure significantly reduced manure pH, which should ers already have odor problems, which do not need to result in reduced ammonia volatilization. These treatbe compounded by amendments that may create more ments also reduced soluble P levels in manure. The high odors. Production of H 2 S would not be increased when rates reduced soluble P levels in manure by two orders aluminum chloride is added to swine manure, since it of magnitude (from around 200 mg P L Ϫ1 to approxidoes not contain sulfate. It should be noted that H 2 S mately 1 mg P L Ϫ1 ). These reductions in soluble P in formation would not occur when alum is added to dry manure resulted in lower P in runoff. Soluble reactive manure, such as poultry litter, because O 2 would be used P levels in runoff water from plots fertilized with manure by bacteria for respiration.
treated with the high rates of alum and aluminum chloride were 84% lower than untreated manure. The SRP in runoff from high alum or aluminum chloride treat-
Tall Fescue Yields and Nitrogen Uptake
ments was not statistically different from unfertilized Tall fescue yields of plots fertilized with swine manure control plots. These data indicate that addition of alumiwere significantly higher than the yields of unfertilized num chloride (addition of alum may increase H 2 S emiscontrol plots (Fig. 4A) . However, there was no signifisions) to liquid swine manure may effectively reduce P cant difference in yields from plots fertilized with differlevels in runoff from swine manure-amended pasture. ent types of swine manure. We hypothesized that yields
These results indicate that further research should be of plots fertilized with manure treated with alum or conducted using aluminum chloride in swine houses in aluminum chloride would be higher than the untreated an attempt to reduce NH 3 volatilization and soluble P swine manure. This was expected as a result of reduced in the manure. Further studies should also focus on NH 3 volatilization as reported by Moore et al. (1999) possible benefits of the use of aluminum chloride, such and what Shreve et al. (1995) had reported for poultry as animal performance as measured by weight gains, litter. However, the yields from plots fertilized with and feed efficiency. untreated swine manure were numerically higher (not statistically higher) than the other treatments. additions did not increase N use efficiencies as was seen Edwards, D.R., and T.C. Daniel. 1992a . Potential runoff quality effects earlier in studies with poultry litter (Shreve et al., 1995 in the pit if addition of these chemicals were made at Moore, P.A., Jr., T.C. Daniel, and D.R. Edwards. 1999 . Reducing the production facility.
phosphorus runoff and improving poultry production with alum.
Another reason swine manure may have behaved difPoultry ferently than poultry litter may be because it is a liquid. ever, most of the swine manure infiltrates the soil, partic- 
